and apolipoprotein A-I, the major protein of high-density lipoprotein, can serve as important predictors of atherosclerotic cardiovascular disease. However, these apolipoprotein measurements have not realized their full potential because of inadequate standardization. Purified apolipoprotein A-I of known absolute mass, in lyophilized form, can serve as primary standard for apolipoprotein A-I, and freshly isolated low-density lipoprotein of narrow density range can serve as primary standard for apolipoprotein B. These primary standards can be used to assign target values to secondary reference material and calibrators by reference laboratories using standardized, validated immunoassay procedures. Lyophilized serum can serve as secondary reference material for apolipoprotein A-I. Freshly frozen serum pools should be used as reference material for apolipoprotein B until more practicable materials that do not exhibit matrix interactions are developed. Implementation of proper standardization procedures can lead to significant improvements in apoiipoprotein measurements. Identification and treatment of hypercholesterolemic subjects have become public-health priorities. In the last few years, significant efforts have been directed at improvements in the accuracy, precision, and standardization measurements of cholesterol and lipoprotein cholesterol measurements. Much less effort has been directed at improvements in the measurement of apolipoproteins, the protein components of the lipoproteins, although researchers, clinical chemists, and clinicians are showing a growing interest in their measurements. Apolipoprotein measurements help in monitoring the progress of dietary and drug intervention, and aid in the diagnosis of dyslipoproteinemic states. Furthermore, there is increasing evidence that apolipoprotein B (ape B), the major protein of low-density lipoprotein (LDL), and apolipoprotein A-I (apo A-I), the major protein of high-density lipoprotein (HDL), can serve as important predictors of atherosclerotic cardiovascular disease (1)3 However, we have not realized the full poten- tial for using these apolipoprotein measurements because of inadequate standardization and problems in methodology. In turn, our ability to establish adequate reference intervals for clinical use has also been limited. On the basis of our long-term experience with immunoassay development and application, we outline here the considerations and steps needed for proper standardization of the measurements of apo B and ape A-I.
Properties of Apo B and Ape A-I
Human ape B is heterogeneous, but exists primarily in two forms: ape B-100 and ape B-48. Apo B-100, with an approximate molecular mass of 513 kDa, is the major protein of LDL and VLDL. The second form of apo B, ape B-48, about 214 kDa, is homologous with the aminoterminal portion of B-100. Apo A-I, the major protein of HDL, has a molecular mass of about 28 kDa. Both apo B and ape A-I have physical and chemical properties that differ substantially from other serum proteins. In serum or tissue fluids, these apelipoproteins are found in association with lipids and form lipid-protein macromolecular complexes referred to as lipoproteins. The conformation of the purified apolipoprotein in the absence of lipids differs significantly from the conformation of the apolipoprotein in a lipoprotein particle. Furthermore, both apolipoproteins are found in heterogeneous populations of particles that differ not only in size and hydrated density, but also in lipid and apelipoprotein composition. The immunoreactivity or epitope expression of these apolipoproteins may vary with the particular lipoprotein species with which they are associated. Lipids have an important influence on the apolipoprotein conformation and can alter the epitope expression of an apolipoprotein.
They can also block or mask an antigenic determinant or epitope, making it unavailable to react with antibodies. To minimize this effect, some investigators have dissociated the lipid from ape A-I before immunoassay. Because the molecular conformation and epitope expression of apolipeproteins can change as a function of environmental conditions and lipoprotein lipid composition, investigators face a particularly challenging problem in obtaining accurate and precise apelipoprotein measurements. These unique properties of apolipoproteins make it more difficult to standardize immunoassays of them than those of most other serum proteins.
Variations in Apolipoprotein Measurements
Apolipoproteins have been measured by various methodological approaches, including radial immunodiffusion, electroimmunoassay, radioimmunoassay (RIA), enzymelinked immunosorbent assay (EUSA), immunonephelometric assay, and immunoturbidimetric assay. Between-laboratory coefficients of variation are large: 10-15% for apo A-I and nearly 30% for ape B (2) . Although some of these differences can be attributed to the values assigned to the calibrators, some method-dependent differences remain (3,
Variations
in measurements of apolipoproteins A-I and B
can be attributed to both pre-analytical and analytical variation. Pre-analytical sources of variation can be minimized by standardization of sample collection, handling, and storage (5, 6) . Serum or plasma samples can be stored for as long as seven days at 4 #{176}C without affecting their content of ape A-I or B. For longer-term storage, most samples can be validly stored at -70 #{176}C in securely sealed vials or tubes for at least one year. If ultra-low-temperature freezers are not available, samples should be stored below freezing at a constant temperature. Our experience suggests that normolipidemic samples are stable for up to two years at -70 #{176}C, as determined by RIA of ape B (7) and by RIA and radial immunodiffusion assay of ape A-I (3, 8) ; our experience with long-term storage of hyperlipidemic samples is limited. We must emphasize that stability or lack of change of measurable ape B or ape A-I not only is sampledependent but also depends on the method used to measure these apolipoproteins.
Preparation of Primary Standards
A key step in standardization is the preparation of stable primary standards for ape A-I and ape B, to be used to assign accurate values to the reference materials and secondary standards. Ape A-I is usually isolated from delipidated HDL by chromatography. Care must be taken to ensure that apo A-I does not undergo chemical alteration such as deamidation, oxidation, or proteolytic degradation during isolation and storage. Differences in ape A-I preparation, handling, and storage may alter apo A-I immunoreactivity. Purified ape A-I can be stored in aqueous solution of low ionic strength at -70 to -80 #{176}C or stored lyophilized for at least a year.
The European Bureau of Standards has funded a study on the suitability of purified ape A-I in lyophilized form as a primary standard properties similar to native ape A-I-containing particles and can readily be prepared by the cholate dialysis technique (10). The absolute mass of ape A-I in the lipesomes can be determined by amino acid analysis or by the method of Lowry et al. (9) and the preparation used as primary standard.
Purified lipid-free apo B undergoes a high degree of self-association and irreversible aggregation and is not suitable as a primary standard. Freshly prepared LDL of the narrow density range of 1030 to 1050 g/L, obtained from donors with normal blood content of cholesterol and triglyceride, is recommended as a primary standard for ape B to ensure a minimal degree of contamination with non-ape B proteins (5 potential contaminating proteins such as human serum albumin and apolipoproteins A-I, A-H, C, D, E, and apo(a) from the Lp(a) lipoprotein. Purified LDL at concentrations from 0.5 to 5 g/L can be stored without detriment in a buffered aqueous solution at pH 8.0 at 4#{176}C for no longer than three weeks; that is, the LDL ape B standard is best prepared freshly. Because the determination of the absolutemass of LDL by amino acid analysis is very expensive and time-consuming, the method of choice may be to use a standardized Lowry-based protein procedure (11, 12) . The addition of detergent is necessary to minimize the potential interference by lipid and self-association and aggregation of LDL. Determination of the absolute protein mass of eight LDL preparations by amino acid analysis indicated that the absolute mass was 93 ± 3% of the protein value measured by the Lowry procedure (11). Because a universally accepted chromogenicity factor for LDL ape B is lacking, it has been recommended that ape B be expressed in terms of Lowry protein (5 
To estimate the effect of the lyophilization process on the determination of the ape B values, a detailed study has been conducted in our laboratories by immunochemical methods differing in principle and sensitivity. The study was carried out on nine different serum pools with triglyceride values ranging from 0.79 to 1.35 g/L and a cholesterol content ranging from 1.65 to 2.81 gIL. Fifty aliquots of each pool were immediately frozen at -80 #{176}C and 50 aliquots were lyophilized. The apo B concentration on the nine pools in frozen and lyophilized states was measured by RIA (7), a fixed-time nephelometric assay, and by radial-immunodiffusion (13), calibrated with the same preparation of freshly isolated LDL of narrow density range. A mean decrease of 12% was observed in the ape B values determined by nephelometric assay on the lyophilized material as compared with values obtained for the frozen samples, whereas a mean decrease of 18% and 34%, respectively, was found in the apo B values determined by RIA and radial immunodiffusion. In the same experiment, the ape B concentration in the IUIS material was found to be 0.58 g/L by radial immunodifflision, and 0.84 g/L by nephelometric assay and RIA. It is clear that lyophilized materials exhibit matrix interactions with different ape B methods, and the use of lyophilized material for standardization or calibration can result in substantial biases with these methods. Therefore, we do not recommend use of lyophilized materials as reference material or calibrators for ape B measurements.
Because reference materials should be selected that reflect the characteristics of actual patients' specimens, use of fresh-frozen serum reference pools has been recommended (5). However, shipping frozen reference material is expensive, so the development of alternative reference materials that mimic patients' serum is strongly encouraged. A liquid reference serum with appropriate additives could meet these requirements, but further evaluation is needed before such a material can be recommended for use as calibrators. The target values assigned to reference serum pools and calibrators should be determined by validated, accurate iminunoassay procedures, with the use of standardized purified preparations of ape A-I or LDL for which the absolute mass has been established.
Reference Procedures for Apolipoprotein Measurements
For an apolipoprotein immunoassay to be accurate-that is, for correct measurement of the mass of the analyte-the immunoreactivity per unit mass of the purified apolipoprotein standard must be comparable with the immunoreactivity of the apolipoprotein in the native lipeprotein in serum or plasma. This assumption is difficult to demonstrate. A necessary but insufficient criterion for a valid immunoassay is that the dose-response of the standard should parallel that of the serum specimen.
Because it is not possible to validate every apelipoprotein procedure, reference apolipoprotein procedures are needed for comparisons, so one can assign target values to secondary reference pools and calibrators and set guidelines for acceptability of new methods. A Reference Method must be accurate and precise and have little, if any, susceptibility to interferences. Normally, the accuracy and precision are demonstrated by direct comparison with a Definitive Method.
Development of a definitive reference procedure in which the accuracy of the assay has been unambiguously documented is not feasible for the measurement of ape B and ape A-I in serum. Although independent chemical procedures are available for determining the mass of ape A-I in HDL or that of ape B in LDL and VLDL, it is highly questionable whether these procedures represent a serious approach to validating the accuracy of candidate Reference Methods.
The Antibody and Apeprotein
Standardization
Program Planning Committee has recommended monoclonal antibody-based ELISA procedures as candidate Reference Methods for ape B and ape A-I (5) . Monoclonal antibodies are preferred to polyclonal antibodies in reference assays, because they are chemically uniform and highly specific and can be readily purified and produced in large amounts for distribution to reference laboratories. Furthermore, ELISA procedures require no radioisotopes, have long-term reagent stability, and can be semi-automated.
Before monoclonal antibodies can be used for immunoassay, they must be characterized as to identification of heavy-chain type, documentation of antibody specificity, demonstration that the antibody binds all forms of the apelipoprotein with the same affinity (necessary for some assay formats), and verification that the epitope identified by the antibody is expressed on all particles containing the apelipeprotein (Marcovina 5, Curtiss LK, Mime R, Albers JJ. Selection and characterization of monoclonal antibodies for measuring plasma levels of apolipeproteins A-I and B. A direct-binding ELISAprocedure has been developed as a candidate Reference Method for measuring ape B-100 in human plasma or serum (11) . The monoclonal antibody MB47 is a capture antibody and MB24 conjugated to horseradish peroxidase (EC 1.11.1.7) is the detecting antibody (14). These antibodies bind to distinct ape B epitopes expressed by all LDL particles and they can detect ape B in VLDL as well. Because MB47 binds an epitope in the carboxyl-terminal portion of ape B-100, it does not recognize ape B-48 and is therefore specific for ape B-100. In the assay, MB47 bound about 97% of the ape B in all LDL preparations (11). Ape B-100 was chosen as the analyte because the clinical significance of ape B-48-a constituent of intestine-derived, large, triglyceride-rich chylomicrons and chylomicron remnants-remain8 to be established. Moreover, the large amount of lipid in chylomirons is likely to mask or block some of the epitopes and make it difficult to measure ape B-48 accurately by immunoassay.
Finally, accurate calculation of total apo B mass in serum is not possible, because LDL is not an appropriate primary standard for measuring of particles containing ape B-48.
The direct-binding double-antibody "sandwich" format was chosen rather than the competitive single antibody format, because allowing LDL to bind to plastic containers may alter the conformation and epitope expression of LDL, and such binding of different preparations of LDL can give rise to greater assay variability than binding a chemically uniform monoclonal antibody to plastic.
If the direct-binding ELISA of ape B is carried out exactly as described (11) , ape B-100 can be accurately and precisely measured in most serum specimens. The intra-assay and interassay coefficients of variation average 2.5% and 6.0%, respectively. Small, dense LDL from subjects with familial combined hyperlipidemia and large, buoyant LDL from subjects with familial hypercholesterolemia exhibit binding properties similar to LDL from healthy normolipidemic subjects when tested in the candidate reference ELISA (11) . Furthermore, values obtained by this assay for fasting subjects whose triglyceride value is <3.0 g/L are nearly identical to values obtained by a highly standardized RIA procedure for total apo B (7, 11) . These results suggest that concentrations of ape B-48 are negligible in fasting subjects with normal triglyceride concentrations. We recommend that this candidate reference ELISA be used to assign ape B values to appropriate reference materials (5) ). The National Cholesterol Education Program has recommended that a desirable cholesterol concentration is a value that falls below the 75th percentile value, whereas values within the 75th and 90th percentiles increase the risk for coronary heart disease, and those at and above the 90th percentile are at high risk (15) . Because concentrations of ape B are highly correlated with those of total cholesterol and LDL cholesterol, and because an increase of ape B as well as cholesterol predicts the risk of premature coronary disease (1), it is reasonable to postulate the desirability of having ape B concentrations below the 75th percentile and to conclude that individuals with values exceeding the 90th percentile are at increased risk for coronary heart disease.
Similarly, because ape A-I concentrations are highly correlated with those of HDL cholesterol (8) , and because HDL cholesterol content below the 10th percentile is considered a risk factor for coronary heart disease (15), we can propose that ape A-I concentrations below the 10th percentile are a risk factor for coronary heart disease.
With In summary, for ape A-I, a stable lyophilizedprimary standard forwhich the absolute mass has been determined can be readily distributed.This primary standard can then be used to assign target values to secondary reference material and calibrators by reference laboratories using consensus-standardized, validated immunoassay procedures until a true Reference Method for apo A-I becomes available. The secondary reference material should be as similar as possible to typical patients' specimens with regard to analyte and matrix properties. Thus far, lyophilized serum does not appear to exhibit matrix interactions with most A-I methods and therefore would be practical for distribution.
For ape B, freshly prepared LDL of narrow density range can be prepared by reference laboratories, using the same standardized protocol and Lowry procedure. This LDL primary standard will then be used by the reference labo- 
